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ABSTRACT
The retina aberrant in pattern (rap) gene encodes the Fizzy-related protein (Fzr), an
activator of the E3 ubiquitin ligase complex: the Anaphase Promoting Complex/Cyclosome
(APC/C). APC/C facilitates the cell cycle stage-specific degradation of cyclins and other mitotic
regulators, resulting in the inactivation of Cdk (Cyclin Dependent Kinase) complexes, thus
promoting completion of mitosis. Previous studies from our laboratory have shown that Rap/Fzr
(the Drosophila homolog of the mammalian Cdh1) regulates glia differentiation and promotes
neuron formation. Recent studies have shown that the glia specific over expression of Rap/Fzr
causes progressive neurodegeneration and life span reduction preceded by temperature sensitive
paralysis, induction of temperature and, the disruption of the blood-brain barrier in the
Drosophila central nervous system.
In this study, I hypothesized that glia malfunction plays a key role in the onset of
neurodegeneration and life span reduction. To investigate this hypothesis, experimental methods
involving the light and electron microscopy were used to analyze the morphological and
neuroanatomical changes associated with glia specific over expression of Rap/Fzr in the
Drosophila central nervous system.
One week old adult Drosophila brains were first fixed in a primary fixative containing
0.2M sodium cacodylate buffer, pH 7.2, 10% glutaraldehyde and 16% paraformaldehyde for 4
hours. Brain samples were then rinsed in buffer and post-fixed in osmium tetroxide. After postfixation, the brain samples were then dehydrated in graded series of different concentrations of
ethanol followed by a 5 minute rinse in propylene oxide and then incubated in 100% resin
containing Embed 812, Dodecenyl Succinic Anhydride (DDSA), Nadic Methyl Anhydride

Israel C. Nnah Thesis | 3

(NMA) and DMP-30 (a tertiary amine epoxy accelerator) for 2 days in a 60˚C oven temperature.
The brain samples were then analyzed under light and transmission electron microscopes.
Results from the toluidine blue staining showed disruptions in the protocerebrum region of the
brain and the transmission electron micrographs showed vacuolations in the central brain. To
further investigate the identity or content of these vacuoles in the central brain, experimental
procedures involving cryosectioning and immunohistochemistry will be carried out.

INTRODUCTION
Neuroglia, commonly known as glia, are the non-neuronal cells of the brain which
provide support, protection and nourishment for neurons, form myelin sheaths and maintain
homeostasis in the brain. In the human brain, glia cells outnumber neurons by a factor of 10, and
thus are the major cell types of the nervous system (Lemke 2001; Edenfeld et al. 2005; Miller
2005). In recent years, a vast number of studies carried out in the fruit fly Drosophila
melanogaster have shown the critical roles that glia cells play during development and
maintenance of the central nervous system (CNS). Such roles include the provision of ionic
balance for neurons, involvement in neuroblast proliferation, axon guidance and fasciculation,
engulfment of cellular debris, and neurotransmitter uptake (Hidalgo et al. 1995; Awasaki and Ito
2004; Watts et al. 2004). Therefore, the right formation of glia is vital for the development of
the Drosophila CNS.

Despite all these widespread roles that glia cells play, our in-depth understanding of the biology
of glia is still in its infancy. Of recent, conclusive studies have linked the onset of
neurodegeneration to glia malfunction in Drosophila fruit fly. Using the Drosophila
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melanogaster as an experimental model system, I attempted to further understand the functional
role of glia in neurodegeneration. This model system has served as a remarkable invention, not
only in the study of genetics and developmental biology but also in molecular, behavioral, and
cell biology. D. melanogaster is exceptional in biological studies because of the readily
amenability of its genome to genetic and molecular manipulations. It is particularly useful for
studying the functional roles of glia cells because in this system glia comprises approximately
10% of all neural cells, compared with more than 50% in mammals (Freeman and Doherty,
2006).
Background:

Life Cycle of the Drosophila melanogaster

Figure 1: Life cycle of Drosophila melanogaster, the common fruit fly
(Griffiths AJF, Miller JH, Suzuki DT et al. 2000)
The Drosophila fruit fly undergoes a rapid and complete metamorphosis, which includes four
developmental stages namely: Egg, Larvae (1st, 2nd and 3rd instar), Pupae, and Adult. The length
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of these stages depends on the temperature of the environment in which the flies are exposed to.
The warmer the temperature, the faster the development will be. At day one, under standard
room temperature (25◦C), eggs are laid and eclose into first instar larva after one day of
development. The transition of the larva from first instar to second instar takes approximately 1
to 2 days and from second to third instar in about 2 days after eclosion. Most of the CNS
developments occur during the 3rd instar larvae stage. Transition from 3rd instar to pupa occurs
after 2 to 3 days, and finally adult fruit flies emerge 3 to 4 days after pupa formation. Adult
female flies are then able to reproduce in about 8 to 10 hours after eclosion.

Organization of the Drosophila CNS

Figure 2: Frontal view of the adult Drosophila brain: (La) Lamina, (Me) Medulla, (Lo)
Lobula, (MB) Mushroom bodies, (AL) Antennal Lobe and Subesophogeal Ganglion (SoG)
(Edwards and Meinertzhagen, 2010).

The Drosophila central nervous system comprises of tissue masses known as ganglia. These
masses of tissue serve to supply nerves to individual segments of the body. Three major ganglia
are described in the Drosophila fruit fly CNS: Protocerebrum, Deutocerebrum and
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Tritocerebrum. The protocerebrum region consists of the lamina, medulla and lobula, and is
largely associated with vision, thus innervates the compound eyes. The deutocerebrum region
consists of the mushroom bodies (MB) and antennal lobes (AL) which lie adjacent to the
tritocerebrum region. This ganglion serves to process sensory information collected by the
antenna (Edwards and Meinertzhagen, 2010). Tritocerebrum region (subesophogeal ganglion)
innervates the labrum and integrates sensory input from deutocerebrum and protocerebrum (John
R. Meyer, dept. of Entomology, NC State University. The Nervous System, 17 February 2006.
Web. http://www.cals.ncsu.edu/course/ent425/tutorial/nerves.html)

Types of glia
While several aspects of glial development and fate determination differ in the vertebrate as
compared to their invertebrate counterparts, both models share some similarities in terms of glial
classification and function (Freeman and Doherty, 2006). In mammals four major types of glia
have been classified based mainly on morphology: Astrocytes, the most abundant cell type in the
brain are assigned to provide trophic and structural support for neurons in the central nervous
system (CNS); Oligodendrocytes provide neuronal ensheathment, trophic support and
myelination for neurons; Microglia, derived from hematopoetic lineages provide immune
surveillance and macrophage functions; and Shwann cells provide ensheathment and support of
the peripheral nerves (Freeman and Doherty, 2006). In the Drosophila CNS, the main classes of
glia (Cortex, Neuropil, Surface and peripheral glia) display many morphological and functional
similarities like their mammalian counterparts (Freeman and Doherty, 2006). The third instar
larval brain glia cells of Drosophila are classified into three subtypes: (1) Surface glia, (2)
Cortex glia, and (3) Neuropile glia (Kaplow et al., 2008). The Surface glia ensheaths the brain
and plays a role in the formation of the blood-brain barrier; Cortex glia surrounds neurons and
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neuroblasts, while the neuropile glia form axon tracts for neuritis (Chotard et al. 2005; Pereanu
et al. 2005; Schwabe et al. 2005)

Functions of glia
In Drosophila, a widespread function of glia cells has been identified. Some of these functions
include: their involvement in neuronal survival, formation and establishment of a blood-brain
barrier, neurodegeneration, circadian rhythms, axon guidance and fasciculation, engulfment of
cellular debris, and neurotransmitter uptake.

Glia and Neuronal Survival:
Studies done on Drosophila have revealed the role of glia in neuronal survival. Neurons and glia
work in sync to ensure proper formation of a functional nervous system, and assist each other
when the integrity of one is jeopardized. Glia cells in particular have been shown to maintain
neuronal integrity. Drosophila mutants, drop-dead, show glia cells (prior to the onset of
symptoms) that are immature. According to Buchanan and Benzer, 1993, in these mutant flies,
glia cell development is arrested at early stages and thus, fails to form complete glia sheath. As a
repercussion, these glia cells undergo age-dependent neurodegeneration and die off early. These
glia cells which are dysfunctional in drop-dead mutant flies disrupt the adult nervous system,
contributing to progressive neurodegeneration (Buchana and Benzer, 1993).
Also when glia function is impaired either by a loss-of-function mutation of the glial cells
missing (gcm) gene, which suppresses glia fate and transforms glia towards a neuronal fate, or by
targeted genetic glial ablation, neuronal death is induced non-autonomously (Booth et al., 2000).
Studies conducted by Xiong and Montell in 1995 showed that defective glia induced neuronal
apoptosis in the repo visual system of Drosophila. In their study they examined the role of glia
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in suppressing neuronal cell death in the visual system of a Drosophila mutant, reversed polarity
(repo). This repo locus encodes a glial-specific homeodomain protein expressed in the optic
lobes (Xiong and Montell, 1995). Xiong and Montell’s results showed that the survival of the
laminar neurons in the optic lobe depended on the expression of repo in the laminar glia,
showing that the laminar glia supply factors were required for neuronal survival.

Glia and the Blood-Brain Barrier:

Figure 3: Electron micrograph of a Drosophila Blood-Brain Barrier. Arrow shows long
septate junctions (SJs)
(Schwabe, Bainton et al., 2005)
A preventive barrier which acts to inhibit lateral diffusion of lipids and proteins between the
apical and basolateral plasma membrane domains is formed by tight junctions between epithelial
cell layers in the vertebrate CNS (van Meer and Simons, 1986). In invertebrates, such as
Drosophila, such preventive barrier (known as a Blood-Brain Barrier) is established by a thin
layer of epithelial cells called surface glia, which acts to ensheath the entire nerve cord and
insulates it against the potassium-rich hemolymph by forming intercellular septate junctions
(SJs) (Schwabe, Bainton et al., 2005). Compared to the blood-brain barrier (BBB) in vertebrates
(which acts mainly to insulate the CNS from body fluids), the invertebrate BBB serves primarily
as a shield against the high potassium levels of the hemolymph. If this barrier is threatened, the
propagation of action potentials will seize, inducing paralysis in the animal as a result (Schwabe,
Bainton et al., 2005).
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To better understand the mechanisms underlying the formation of the invertebrate BBB,
Schwabe, Bainton et al., 2005 studied these mechanisms on a molecular level. A G proteincoupled receptor (GPCR) moody, alongside the G protein subunits Gαi and Gαo, and Loco (the
regulator of G protein signaling) are expressed in the surface glia as a complex (Schwabe,
Bainton et al., 2005). This complex is necessary for the proper formation of a blood-brain
barrier in Drosophila. The consequence of a loss function mutation in the G protein rector,
moody, is a leaky blood-brain barrier (Carlson, Juang et al., 2000; Bainton, Tsai et al., 2005;
Schwabe, Bainton et al., 2005; Edwards and Meinertzhagen, 2010). This is because in moody
mutant flies, septate junctions for the BBB fail to properly assemble thus, indicating that GPCR
signaling is essential for the insulation of the nerve cord (Schwabe, Bainton et al., 2005)

Glia Differentiation

Figure 4: Proposed model for glia differentiation (Kaplow et al., 2008)
Studies conducted on developing central nervous system of Drosophila melanogaster suggested
that glia cells arise from neuroblasts, which are the pluripotent neural stem cells that serve as
precursors for all glia and neuronal cells (Chia and Yang 2002; Betschinger and Knoblich 2004;
Slack et al. 2006; Yu et al. 2006). In the embryo, neuroblasts undergo asymmetrical division to
give rise to two daughter cells of unequal sizes. The larger daughter cell has the ability to renew
itself and give rise to additional differentiated cells while the smaller daughter cell (known as the
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ganglion mother cell) differentiate into neuronal or glial cells (Udolph et al. 1993; Edenfeld et al.
2002; Skeath and Thor, 2003; Urbach et al. 2003).
According to Kaplow et al. 2008, at the level of gene expression a binary mode of
regulation is thought to operate within embryonic neuroblasts, in which neuroblasts give rise to
either neurons or glia. Activation of effector genes and the repression of a neuronal
differentiation program are required for glia differentiation (Kaplow et al. 2008; Giesen et al.
1997; Akiyama-Oda et al. 2000; Jones 2005)
During glia differentiation, a well-known transcription factor, glial cells missing (gcm) has been
shown to be a key regulator of glia specification. Drosophila embryos that lack the functions of
gcm show a reduction in glia number while those wherein gcm is ectopically expressed show
formation of extra glia (Jones et al. 1995; Vincent et al. 1996; Bernardoni et al. 1998). Glia cell
missing initiates the transcription of downstream target genes, pointed (pnt) and reverse polarity
(repo). Together, both genes in turn promote glial cell fate specification in part by activating the
transcription of the downstream effector loco (Granderath et al. 2000; Yuasa et al. 2003; Jones
2005).
Loco gene
During gliogenesis, the number of neuroblasts and glia are strictly controlled by two genes, the
retina aberrant in pattern (rap) and locomotion defects (loco). Their encoded proteins Fizzy
related (Fzr) and the regulator of G-protein signaling (RGS) domain protein, respectively, are
localized within the neuroblast. In mammals the RGS domain protein encoded by the loco gene
acts as a GTPase-activating protein (GAPs) and thus modulates G-protein signaling by
promoting GTP hydrolysis (Han et al., 2006). In Drosophila, loco interacts and colocalizes with
Gαi (a hetrotrimeric G protein subunit that mediates neuroblast asymmetric division) and
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functions as a guanine nucleotide inhibitor for Gαi and also as a GTPase-activating protein (Yu
et al. 2005). During development in Drosophila, disruption in loco leads to multiple defects (Yu
et al. 2005; Granderath et al. 1999; Pathirana et al. 2001). Granderath et al. 1999 and Schwabe
et al. 2005 showed that the loco loss-of-function mutant embryos displayed phenotypes that
resulted from failure in the glia differentiation program. These phenotypes included: improper
ensheathing of neuronal axons and consequently, disruptions in the blood-brain barrier. Thus,
the proper activation of loco is an essential step in glia differentiation.

Cdh-1/Rap/Fzr

Figure 5: Proposed model for the interaction between Rap/Fzr and Loco (Kaplow et al.,
2008)
The retina aberrant in pattern (rap) gene encodes the Fizzy-related protein (Fzr), an activator of
the E3 ubiquitin ligase complex: the Anaphase Promoting Complex/Cyclosome (APC/C).
Rap/Fzr is the Drosophila homolog of the mammalian cdh1 (tumor suppressor) gene which
encodes the Cadherin-1 protein (Cdh-1) in humans. It serves as a regulatory subunit of the
anaphase-promoting complex/cyclosome (Raff et al. 2002; Kaplow et al. 2008).
Kaplow et al. 2008 have uncovered a novel role for Rap/Fzr: loss of rap/fzr function leads to an
increase in the number of glia in the nervous system of third instar larvae; ectopic expression of
UAS-rap/fzr, driven by repo-GAL4, leads to a drastic reduction in glia number. Clonal analysis
using the MARCM technique showed that Rap/Fzr regulates the differentiation of surface glia in
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the developing nervous system and, further biochemical and genetic studies showed that Rap/Fzr
regulates glia differentiation through its interaction with loco (Kaplow et al.2008). Thus,
suggesting that Rap/Fzr targets Loco for ubiquitination by the Anaphase Promoting
complex/Cyclosome.

Figure 6: Rap/Fzr regulates glia differentiation (Kaplow et al., 2008)
Third instar larvae eye disks and brains were stained using the glia specific marker repo (green)
and mitotic marker phosphohistone-H3 (red). UAS-rap/fzr;repo-GAL4, gain-of-function mutants
(C), show a significant decrease in glia number, compared to wild-type CS (A), Rap/Fzr loss-offunction mutant (B) shows an increase in glia when compared to the wild-type. There is no
overlap between phosphohistone H3 and repo implying a postmitotic role of Rap/Fzr in glia
differentiation. (D) Histograms of glia number within the entire brain of third instar larvae. (E)
Quantification of surface glia cells in wild type, wrap3, and UASrap/ fzr; repo-GAL4 larval
brains. (F) Histogram of mitotic index quantified on the basis of phospho-H3 labeling of larval
brains from w,rap3 and UAS-rap/fzr; repo-GAL4. No significant difference in the mitotic index
was observed (Kaplow, M. E. et al. Genetics 2008; 178:2003-2016).
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Figure 7: Rap/Fzr promotes neuron formation (Kaplow et al., 2008)
Third instar larval brains were stained with early neuronal marker Dachshund (green) and the
mitotic marker anti-phospho-histone H3 (red). Compared to wild-type brains (A), rap/fzr loss-offunction mutants, wrap3 (B) show a significant decrease in neuron density. (C) Ectopic
overexpression of Rap/Fzr in brains results in an increase in neuron density. (A–C) Shows single
optical sections from a confocal microscope. (A′–C′) Magnified areas of the brain (outlined
squares in A–C) show densely packed neurons within third instar larval brains. (A″–C″) shows
quantification of surface neurons within the brain by Image J software. Projections with
numerous colors represent individual cells that were counted (Kaplow, M. E. et al. Genetics
2008; 178:2003-2016)
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Ubiquitin Proteosome Sytem (UPS)

Figure 8: Ubiquitin Proteosome pathway
(Bonifacino and Weissman, 1998)
Ubiquitination is a known key process of post-translational modification in which small
regulatory proteins known as ubiquitins (found in all eukaryotic cells from plants to animals) are
used to label proteins for degredation by the proteasome. This process is carried out by a set of
three enzymes, E1, E2 and E3 (Brooks and Gu, 2011). The ubiquitin activating enzyme, E1, first
activates an ubiquitin molecule in an ATP dependent manner, and then transfers it via a thioester
intermediate to an ubiquitin conjugating enzyme, E2 (McNaught, Olanow et al. 2001). The
activated E2 then acts with an ubiquitin-ligase enzyme (E3), which recognizes, binds the targeted
substrate and labels it with the ubiquitin. This process is repeated until a short chain is formed,
and the target is polyubiquitinated for proteolysis.

Israel C. Nnah Thesis | 15

Anaphase Promoting Complex/Cyclosome

Figure 9: Mammalian Anaphase Promoting Complex (Peters, 2006)
The APC/C is a multisubunit E3 ubiquitin ligase that acts to control cell cycle transition in
proliferating cells (Yao W et al., 2009). This process of regulation in cell cycle is carried out by
the timely degradation of key cell cycle regulators such as cyclins and cyclin dependent kinase
inhibitors by APC/C (Pimentel and Venkatesh, 2005). Specifically, the inactivation of
cdc2/cyclin B is required for proper exit from mitosis, and this is achieved by degrading cyclin B
via the polyubiquition/26S proteosome pathway (Glotzer et al.1991). APC/C initiates the
destruction of cyclin B by targeting it for ubiquitination at the metaphase/anaphase transition
(Irniger et al. 1995; King et al. 1995, Raff et al. 2002). Two proteins, Fizzy (Fzy)/Cdc20 and
Fzy-related (Fzr)/Cdh1, bind to the APC/C and are thought to target the APC/C to its various
subtrates (Pfleger et al. 2001; Raff et al. 2002). Experiments conducted on fruit flies and yeast
suggested that Cdc20-APC/C complexes target proteins for degradation early in the exit from
mitosis, while Cdh1-APC/C complexes target proteins for destruction later in the exit from
mitosis and into G1 (Sigrist and Lehner, 1997; Kramer et al. 1998, 2000; Raff et al. 2002).
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In addition, on-going studies in Dr. Venkatesh’s lab have linked the loss of glia to the induction
of progressive neurodegeneration and life span reduction preceded by temperature sensitive
paralysis, induction of temperature and, the disruption of the blood-brain barrier in the
Drosophila central nervous system.
This present research was undertaken in order to show, in addition to other phenotypic
consequences tested, the morphological changes (in adult Drosophila CNS) that are associated
with the glia specific overexpression of Cdh1/Rap/Fzr using light and electron microscopy as an
experimental tool.

MATERIALS AND METHODS
GAL4-UAS System

Figure 10: The GAL4-UAS System
Miratul M. K. Muqit & Mel B. Feany: Nature Reviews Neuroscience 3, 237-243 (March 2002)
As described in Brand, et al., 1993, the Gal4-UAS system was used to drive the targeted
expression of Rap/Fzr in the fruit flie. This system is remarkable in such a way that it allows the
measurement of the phenotypes induced by the expressed gene of interest. As St Johnston, 2000
described: the gene for the transcriptional activator from yeast, (GAL4), is injected under the
regulation of the Drosophila enhancer/trap so that it is expressed in a tissue specific manner.
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The Upstream Activator Sequence (UAS) activates the (tissue specific) expression of the gene of
interest once it binds to the GAL4 driver.
The Rap/Fzr gene was cloned downstream of the UAS sequence and the Repo-Gal4 driver was
used to drive its expression.

Fly stocks, Crosses & Aging
The yeast GAL4-UAS system was employed as described by Brand, et al. 1993. Glia-specific
marker repo-Gal4 was used to target UAS-rap/fzr overexpression to glial cells. Female virgins
of the UAS-rap/fzr flies were crossed to repo-GAL4 males with the 3rd chromosome balancer,
tubby (tb). Parents were removed from the vials after one week of mating and the third instar of
the non-tubby F1 progeny were collected the following week. After two days, 3rd instar larvae
were dissected and analyzed. Upon eclosion, adult F1 flies were collected in a separate vial and
then allowed to age from 1 to 5 weeks. I week thru 5 weeks old adult brains were dissected and
analyzed. Canton-S (CS) and UAS-rap/fzr flies were used as the wildtype controls. All fly
stocks were obtained from the Bloomington Stock Center.

Toluidine Blue Staining & Electron Microscopy
Light and electron microscopy techniques were carried out as described in Raghu et al., 2009
with some minor changes. All third instar larvae and adult brain samples were first fixed in a
primary fixative containing 2 ml of 20% Paraformaldehyde, 3 ml of 5% Glutaraldehyde, and
5ml of Sodium Cacodylate (SC) buffer with a of pH 7.2 for 24hrs at 4C temperature. The
specimens were then rinsed 5 times in cold sodium cacodylate buffer for 5 minutes each time,
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followed by a secondary fixation/post-fixation in a secondary fixative that contained 2 ml of 4%
Osmium Tetroxide (OsO4) and 2 ml of sodium cacodylate buffer, pH 7.2.
Afterwards, the brain samples were rinsed 3 times for 10 minutes each time, in cold SC
buffer and two times, 10 minutes each, in double-distilled water. After rinsing, the larvae and
adult brains were then dehydrated in a graded series of ethanol, (20%, 30%, 40%, 50%, 60%,
70%, 80%, 90%, and 100% twice) for 15 minutes each, and then rinsed 2 times in Propylene
Oxide for 10 minutes each time.
In a 50 ml Corning tube, a 100% resin was prepared by adding 20 ml of Embed 812, 10 ml of
DDSA, and 12 ml of NMA. The resin solution was mixed vigorously for 3-5 min and was
allowed to sit for 10 minutes. A 30% resin was then prepared by mixing 3 ml of the freshly
prepared 100% resin and 7 ml of propylene oxide. Similarly, 50%, 70%, and 90% resins were
prepared.
After rinsing the brain samples in propylene, all samples were then infiltrated first in a 3:1
Propylen-Oxide:Resin mixture for 3 hours then later in 1:1 Propylene Oxide:Resin mixture again
for 3 hours. Afterwards the samples were transferred to 1:3 Propylene Oxide:Resin for 3 hours
and then finally infiltrated in 100% Resin for 3 hours.
A fresh 100% Resin was prepared, but this time with the addition of 70µL of the accelerator 2, 4,
6-Tri-Dimethylaminoethylphenol (DMP-30). The freshly made resin was then kept under a
vacuum (25 inches of mercury) for 20 min to remove bubbles. Afterwards, each sample was
transferred into a beam capsule and filled with the resin-accelerator mixture. All the beam
capsules were then placed in a 60 C oven for 3 days to allow polymerization.
For the initial analysis under a light microscope, as described in the City College Electron
Microscopy lab manual, 1µm thick sections were obtained using an ultramicrotome. Afterwards
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glass slides containing droplets of distilled water were used to collect the thick sections. The
glass slides were then placed on a 60 C burner to allow the water to evaporate and expose the
thick sections. Afterwards, the sections were then submerged in Toluidine Blue stain for 30
seconds. The sections were then rinsed with distilled water and were then analyzed under the
Nikon Inverted light microscope to identify the central brain.
Once the desired area of the brain tissues were identified, 60 to 70 nm ultrathin sections
were then obtained (using a diamond knife) and mounted on 300 mesh copper grids. The grids
were then stained with 4% aqueous uranyl acetate for 60 minutes, followed by Reynold’s lead
citrate for 30 minutes. Afterwards the grids were washed in distilled water and allowed to air dry
at room temperature. Visual analyses of the grids were done using a modern transmission
electron microscope (Zeiss EM 902).

RESULTS
Glia targeted expression of Cdh1/Rap/Fzr leads to vacuolization of protecerebrum region
of the adult Drosophila CNS
Neurodegeneration in Drosophila is hallmarked by the appearance of vacuole-like lesions in the
brain which become more pronounced with age (Buchannan and Benzer, 1993; Min and Benzer,
1997; Ginerer et al., 2006). 10% toluidine blue staining revealed the presence of these vacuolelike lesions in the protecerebrum region (lamina, medulla and lobula) of rap/fzr gain-of-function
mutant fly brains. In correlation with increasing age, vacuolization in brain tissues become more
evident, justifying the dogma of a progressive neurodegeneration. Fig.11 (A-E and A1-E1),
shows the controls: 733-UAS-Rap/Fzr brains in which the gene of interest, Rap/Fzr was normal.
Compared to the experimentals, (fig.11 A2-E2 and A3-E3) brain tissues, specifically the medulla
of the protecerebrum region, are disrupted by the presence of vacuole-like lesions.
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Figure 11: Toluidine blue stained sections of the protecerebrum region: Lamina (La),
Medulla (Me) and Lobula (Lo). (A-E) Controls: 1µm thick sections of 1 to 5 weeks old adult UASRap/Fzr brains stained with 10% toluidine blue stain. (A1-E1) Controls: picture color was inverted to
show a better view of the region of interest. (A2-E2) Experimental: 1µm sections of the rap/fzr gain-offunction mutant brains. (A3-E3) Experimental: picture color was inverted to show a better view of the
vacuole-like lesions. Inserted cartoon shows the brain area of interest.

Vacuolization of the central brain structures of Drosophila as a consequence of
Cdh1/Rap/Fzr targeted overexpression
In the Drosophila brain, the neuropile is subdivided anatomically into compartments which are
rich in terminal neurite branching and synapses; these are the neuropile domains in which signal
processing take place (Pereanu et al., 2010). The boundaries of these compartments are defined
by dense glia layers, as well as long neurite fascicles. These fascicles are formed during the
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larval stage when approximately 100 neuronal lineages which constitute the Drosophila central
brain differentiate (Pereanu et al., 2010). “Each neuronal lineage forms an axon tract with a
trajectory in the neuropile; groups of spatially related tracts congregate into the brain fascicles
that can be followed from the larva throughout metamorphosis into the adult stage” (Pereanu et
al., 2010).

Figure 12: Neuropile compartments of the adult Drosophila brain.
Anterior view: 3D digital model of the brain. Compartments of one brain hemisphere are
depicted in different colors. (Pereanu et al., 2010)
Table 1: Abbreviations of Drosophila neuropile compartments (Anterior View)
(Pereanu et al., 2010)
Abbreviation
AL
α-L
AMMC
β/γ-L
CCX
IP
LAL
LH
MB
OTU
PONP
SIP
SLP
SMP
SOG
VLP

Meaning
Anternnal lobe
Alpha lobe of mushroom body
Antenno-mechanosensory and
motor center
Beta and gamma lobes of
mushroom body
Central calyx
Inferior protocerebrum
Lateral accessory lobe
Lateral horn
Mushroom body
Optic tubercle
Perioesophageal neuropile
Superior intermediate
protocerebrum
Superior-lateral protocerebrum
Superior-medial protocerebrum
Subesophageal ganglion
Ventro-lateral protocerebrum

Region of Cerebrum
Ventral
Dorsal
Ventral
Middle
Middle
Middle
Middle
Dorsal
Middle
Middle
Ventral
Dorsal
Dorsal
Dorsal
Ventral
Ventral
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Disruptions due to vacuolization in these neuropile domains can be detrimental to the fruit fly as
they disrupt terminal neurite branching and synapses (and eventually signal processing), thus
inducing neurodegeneration.

Figure 13: Transmission Electron micrograph of the adult Drosophila central brain.
(A-E) Control: 70 nm ultrathin sections of 1 to 5 weeks old fly central brain stained with 4% aqueous
uranyl acetate and Reynold’s lead citrate. (A’-E’) Experimental: 70nm ultrathin sections stained with 4%
uranyl acetate and reynold’s lead citrate. Red arrows show vacuolization of brain tissues. Inserted
cartoon shows the area of interest in the central brain.

Fig.13 (A-E) shows the controls: 733-UAS-Rap/Fzr brains in which the gene of interest, Rap/Fzr
was normally expressed and fig.13 A`-E` shows the experimental. In the experimental, the gene
of interest was over-expressed and the presences of vacuole-like lesions are evident.
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DISCUSSION
Analyses of rap/fzr gain-of-function mutants in Dr. Venkatesh’s lab reveal a number of
observable phenotypes that result from the loss of (surface) glia. Flies overexpressing rap/fzr in
a glia-specific manner (UAS-rap/fzr; repo-Gal4) exhibit reduced life span compared to wildtype
Canton-s (CS) flies. These mutant flies expire after 5 weeks of life compared to the controls
which live beyond 9 weeks (data not shown). Disruption of the blood-brain barrier is also
evident, as assayed by dye penetration into the Drosophila CNS. Compared to the CS and UASrap/fzr controls, the intensity of the fluorescent dye injected into the soft tissue (between two
abdominal segments of the exoskeleton) of the mutant UAS-rap/fzr; repo-Gal4 flies increased,
thus demonstrating the insult to the integrity of the BBB by Rap/Fzr (surface) glia-specific
overexpression (data not shown). Subjected under higher temperatures (28◦C–38◦C), mutant
UAS-rap/fzr; repo-Gal4 (GOF) flies (compared to UAS-rap/fzr controls) exhibited temperaturesensitive paralysis that increased in severity with increasing age and temperature (data not
shown).
In addition to all these phenotypes which were previously observed in rap/fzr GOF flies,
morphological and neuroanatomical changes also accompany the overexpression of Rap/Fzr in
the Drosophila CNS.
The protecerebrum region of the adult Drosophila CNS is made up of the lamina,
medulla and lobula. This region is the most anterior neuropil of the Drosophila adult brain and
contains a variety of complex neuropils. It is at this region that the surface glia reside, as shown
by Edwards and Meinertzhagen in 2010. Kaplow et al., 2008 showed that glia-specific
overexpression of rap/fzr leads to the loss of surface glia which are responsible for the
establishment and maintenance of the blood-brain barrier. 4% toluidine blue staining (previously
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done by Johana Polacio of Venkatesh lab) showed vacuolization of the protecerebrum region
(data not shown). Further staining with 10% toluidine blue justified the presence of vacuoles in
this region in gain-of-function mutant flies (fig 11: Column A3). Compared to the control, 733UAS-rap/fzr (fig 11: A-E and A1-E1) the severity of vacuolization multiplied with increasing
age in the mutants, 733-UASrap/fzr; repo-Gal4 (fig 11: A2-E2 and A3-E3).

In the Drosophila brain, the subdivided neuropile compartments are rich in terminal
neurite branching and synapses; signal processing take place within these neuropile domains
(Pereanu et al., 2010). As described by Pereanu et al., dense glia layers define the boundaries of
these compartments. The Drosophila central brain contains most of these neuropile domains as
shown in fig 12. Central brain sections stained with 4% uranyl acetate and analyzed under an
electron microscope showed similar vacuolization seen in the protocerebrum region when rap/fzr
is overexpressed. Compared to the 733-UASrap/fzr controls (fig13: A-D), the neuroanatomy of
the 733-UASrap/fzr; repoGAL4 flies (fig13: A`-D`) showed vacuole-like disruptions.
Interestingly, vacuolization was seen just one week after eclosion (fig 13A`). This is because at
the 3rd instar larva stage, glia-specific overexpression of rap/fzr leads to the depletion in glia
number (fig 6c), thus neurodegeneration is already in effect at the larva stage and the
morphological changes associated with it is seen during the first week of the adult stage. The
content of these vacuoles still remains a mystery; further experiments such as cryosectioning can
be carried out to reveal the anonymity. In addition to other unknown causes, disruption of these
intricate neuropile domains, upon the depletion of glia (by glia targeted overexpression of
rap/fzr) leads to neurodegeneration.
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